Objective: The objective of this study was to use parameters to determine the geometric differences between ruptured abdominal aortic aneurysms (AAAs) and nonruptured AAAs.
Rupture is one of the catastrophic outcomes of an abdominal aortic aneurysm (AAA), and the risk of rupture is believed to increase with an enlargement of the aneurysm according to Laplace's law. 1 The size of most of the ruptured AAAs that we encountered in our clinical practice indicated that the rupture had followed the "law." 2 However, some ruptured AAAs were relatively small and saclike, bulging on one side of an aorta. This indicated that in addition to their size, the geometry of AAAs also contributed to the deterioration of the aortic wall. Although some studies conducted in the 1990s used two-dimensional (2D) axisymmetric models to perform geometric analysis of AAAs, 3, 4 it was difficult to apply this model analysis in a clinical setting; therefore, the clinical use of this methodology had decreased recently. The development of three-dimensional (3D) geometric analysis using patients' imaging data has enabled more precise estimation of wall stress distribution. [5] [6] [7] [8] [9] However, implementation of these methods is complex and time-consuming. Therefore, a simple imaging diagnostic method for assessing rupture risk needs to be developed for use in a real-world clinical setting. Very few reports have described structural imaging analysis of ruptured AAAs because of the limited time available for obtaining images before the emergent operation. In our previous study, we developed a simple aortic aneurysm model and defined the "saccular" aneurysm using structural analysis comprising two geometric parameters: aspect ratio and fillet radius. 10 For the clinical application of this model to thoracic aortic aneurysms, we set the expansion rate of the nonruptured aortic aneurysms as the end point for evaluating the fragility of the aneurysm, in accordance with the previous literature. [10] [11] [12] However, analysis of ruptured AAA images is necessary assess the association between geometry and wall deterioration, which results in rupture.
In this retrospective study, we hypothesized that ruptured AAAs are geometrically different from nonruptured AAAs and analyzed the differences between the two by measuring two geometric parameters on computed tomography (CT) images. We collected ruptured AAA images from multiple institutes and compared ruptured AAAs with nonruptured AAAs using 1:1 matched analysis. 
METHODS
Modeling method. CT data were analyzed with Aquarius iNtuition viewer version 4.4.2. (TeraRecon, Foster City, Calif). The diameter of the aneurysm was defined as the largest short-axis diameter of the outer contour of the aneurysm. 13 We first selected the longitudinal image of an AAA in multiplanar reconstruction view. The appropriate slice contained the proximal neck of the aneurysm and depicted the most prominent bulge of the AAA. An ellipse and a circle were fitted to the projecting portion of the aorta and the aneurysmal neck, respectively (Fig 1) . The aspect ratio was calculated as the vertical diameter (A) divided by the horizontal diameter (B). The fillet radius (C) was calculated from the circle fitting the curve of the joint between the aorta and the aneurysm, per our previously reported study.
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Patients. We collected CT images of ruptured AAAs from January 2001 to December 2015 from the following institutes: the University of Tokyo Hospital, Tokyo Saiseikai Central Hospital, Shonan Kamakura General Hospital, Saiseikai Yokohamashi Tobu Hospital, and Hiratsuka City Hospital. This study was approved by the ethics committee of each hospital. Data from nonruptured, electively repaired AAA cases were also collected retrospectively from January 2006 to December 2015. AAAs with apparent nonatherosclerotic etiology (eg, infectious, inflammatory, dissection, and congenital disorders such as Marfan syndrome) were excluded from both ruptured and elective groups. Impending rupture cases were also excluded because of uncertainty. All patients provided written informed consent for participation. A pair of matched cohorts was generated on a 1:1 ratio basis using Mahalanobis distance, which was calculated from age, diameter, and sex. Aspect ratio and fillet radius were compared between these two groups.
To evaluate the rupture risk of relatively small AAAs, we subanalyzed the cohort of AAAs whose diameters were <55 mm. We compared the cohort of 6 ruptured cases with the 153 nonruptured cases.
Statistical analysis. All statistical analyses were performed with R version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria). Categorical variables are presented as numbers and percentages, and continuous variables as average 6 standard deviation. For independent comparisons of the two groups, we used the Mann-Whitney test for continuous variables and Fisher exact test for dichotomous variables. In pair-match analyses, the Wilcoxon signed rank test was used for continuous variables and the McNemar test for dichotomous variables. In addition, we conducted receiver operating characteristic (ROC) analyses to estimate the optimal cutoff values for aspect ratio and fillet radius and to assess their diagnostic value. P < .05 was defined as statistically significant.
RESULTS
We collected CT images and demographic data, including sex and age, for 38 patients with ruptured AAAs and 215 patients with nonruptured AAAs. The mean age of the patients (80.2 6 11.2 years in the ruptured group and 72.8 6 8.1 years in the nonruptured group; P < .001) and the mean AAA diameter (71.6 6 14.0 mm in the ruptured group and 51.5 6 9.3 mm in the nonruptured group; P < .001) differed significantly between the two groups (diameter of 43.3-101.0 mm in the ruptured group and 37.0-83.0 mm in the nonruptured group). For the final analysis, we included 38 patients in each group after 1:1 matching based on sex, age, and AAA diameter (Table I) .
After the 1:1 matching, the mean aspect ratio (2.02 6 0.53 vs 2.60 6 1.02; P ¼ .002; Fig 2, A) and fillet radius (0.28 6 0.18 vs 0.81 6 0.44; P < .001; Fig 2, B) were significantly lower in the ruptured group than in the nonruptured group. ROC analysis showed that the area under the curve (AUC) of the aspect ratio was 0.688 (95% confidence interval [CI], 0.569-0.808) and the optimal cutoff point was 2.23, with sensitivity of 0.55 and specificity of 0.76 (Fig 3, A) . The AUC of the fillet radius was 0.933 (95% CI, 0.875-0.991) and the optimal cutoff was 0.347, with sensitivity and specificity of 0.97 and 0.87, respectively (Fig 3, B) .
The comparison between ruptured AAAs with diameters <55 mm and the control group revealed that the aspect ratio was not different (2.02 6 0.73 vs 2.34 6 0.75; P ¼ .52) and the fillet radius was smaller in the ruptured AAA cases than in the control group (0.43 6 0.31 vs 1.07 6 0.74; P ¼ .013; 
DISCUSSION
To date, the only widely accepted predictive factor for rupture, based on ample evidence, is an aneurysm diameter >5.0 to 5.5 cm. [14] [15] [16] However, saccular geometry is sometimes considered as the basis for surgical intervention. In a previous biomechanical analysis study based on a simple aneurysm model, we attempted to define the saccular aneurysm shape as a predictor for aneurysm rupture. The judgment of whether an aneurysm has a saccular shape is usually based on a longitudinal 2D cross-sectional image. To investigate the characteristics of this high-risk shape, we used a 2D model comprising a tube, an ellipse, and an arc of a circle. On the basis of finite element analysis of this model, we defined saccular aneurysms as "horizontally long" aortic aneurysms with an aspect ratio of <1. 10 In this study, we used two parameters: the aspect ratio and the fillet radius. After determining that these factors were useful for detecting aneurysms with greater distortion and protrusion, we applied them to real ruptured AAAs. We arbitrarily selected and analyzed 2D images of AAAs, including those with the most prominent bulge because it represents AAA morphology that is instinctively and easily recognized by surgeons. We assumed that the parameters obtained theoretically from this 3D analysis could be effectively applied to real 2D images. We found that adapting the filleting circle was subjective, and the results may differ among the operators. However, selecting the images arbitrarily is routine in clinical situations. From our interobserver variability analysis, the ICCs were fair but not perfect. It appears that as there was variation among the surgeons for selecting the 2D images, the 2D image that includes the aneurysm should be determined by discussion among the surgeons to lessen the variation. Categorical variables are presented as number (%). Continuous variables are presented as mean 6 standard deviation. Another reason for setting the parameters on the real CT image is the morphologic difference between large and small AAAs. As we had a question as to whether the fillet radius and the aspect ratio differed by aneurysm size, we confirmed this by subanalyzing the three groups (diameters of 5-5.9 cm, 6-6.9 cm, and $7 cm). An analysis of variance revealed that there was no significant difference (aspect ratio, P ¼ .76; fillet radius, P ¼ .11).
The aneurysm diameter is considered the most contributing factor to rupture. 11 In our preliminary analysis of the previous model, the greater the shift in the hypothetical ellipse (AAA) from the hypothetical cylinder (aorta), the greater the increase in mechanical wall maximal stress. Using structural analysis of 3D CT images, Li et al 17 found
that the higher wall stress at the "shoulder of the aneurysm" was associated with rapid expansion. However, these analyses did not focus on the geometry of the aneurysms, including saccular shape. In this study, we performed 1:1 matching, which included the aneurysm diameter as a matching parameter, and found that the ruptured AAAs had a smaller aspect ratio and fillet radius than the nonruptured AAAs. In addition, smaller fillet radius was more strongly associated with rupture than smaller aspect ratio was. This finding indicated that the correlation between aneurysm expansion and rupture was not as simple as it was considered to be according to Laplace's law. In a real AAA rupture scenario, the stress distributions in the AAA do not conform to Laplace's law, which yields only an estimate of the stresses generated in thin-walled cylinders. 2 Because of ethical constraints in observing the growth of AAAs, the expansion rate has been adopted as a surrogate factor for predicting the rupture in previous studies. [10] [11] [12] However, we hypothesized that the high expansion rate was not the only factor affecting rupture risk. Fillinger et al 7 analyzed AAA imaging data using finite element analysis and found that peak wall stress was higher in ruptured AAAs than in nonruptured AAAs and was independent of aneurysm diameter. Di Martino et al 18 evaluated the strength of AAA wall specimens and concluded that wall weakness was a better predictor of rupture than the maximal diameter of the aneurysm. Therefore, we hypothesize that the precipitating factor for AAA rupture is the local wall collapse (resulting in the small fillet radius) due to dissection or local calcification, rather than local, saccular expansion. In this study, the ruptured AAA group included more elderly patients and larger aneurysms than in the nonruptured AAA group; this trend was consistent with that in other previous studies. 7, 11, 19 To improve the homogeneity of the two groups, we performed 1:1 matching and then calculated the AUC-ROC, which represents the validity of a diagnostic method. AUC-ROC measures the probability that randomly chosen normal and disease pairs can be identified correctly. 20 A test with AUC-ROC >0.9 is regarded as having high accuracy; 0.7 to 0.9, moderate accuracy; 0.5 to 0.7, low accuracy; and 0.5, equivalent to chance. 21, 22 On this basis, the performance of aspect ratio (AUC-ROC 0.688) was not very good; however, the discrimination power of fillet radius (AUC-ROC 0.933) was excellent. The sensitivity and specificity of fillet radius were also very high (0.974 and 0.868, respectively), suggesting its utility for assessing the risk of rupture. This study has some limitations. First, this study was retrospective, which introduces the possibility of selection bias and prevents the inference of any causal relationships. Second, the clinical data collected from multiple institutions were blinded, and so we were unable to evaluate background differences. Third, we could not obtain preoperative CT data of ruptured AAAs, which were mostly undiagnosed before rupture. 19, 23 Fourth, the geometry of the ruptured AAAs at the time of CT was not exactly the same as that just before the rupture.
CONCLUSIONS
The geometry of ruptured AAAs was different from that of nonruptured AAA: they had smaller fillet radius and aspect ratio. Local aortic wall deterioration, represented by a small fillet radius, might be a more significant contributing factor for rupture than aneurysm protrusion, represented by a small aspect ratio. Relatively small AAAs with a small fillet radius may have the potential risk of rupture.
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